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A Strategic Target for Anticancer Therapeutic Development 
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Abstract : Ras proteins are guanine nucleotide-bind- 
ing proteins that play pivotal roles in the control of 
normal and transformed cell growth and are among the 
most intensively studied proteins of the past decade. 
After stimulation by various growth factors and cyto- 
kines, Ras activates several downstream effectors, in- 
cluding the RaM/mitogen-activated protein kinase 
pathway and the Rac/Rho pathway. In approximately 
30% of human cancers, including a substantial propor- 
tion of pancreatic and colon adenocarcinomas, mutated 
ras genes produce mutated proteins that remain locked 
in an active state, thereby relaying uncontrolled prolif- 
erative signals. Ras undergoes several posftransla- 
tional modifications that facilitate its attachment to the 
inner surface of the plasma membrane. The first-and 
most critical-modification is the addition of a farnesyl 
isoprenoid moiety in a reaction catalyzed by the en- 
zyme protein farnesyltransferase (FTase). It follows that 
inhibiting FTase would prevent Ras from maturing into 
its biologically active form, and FTase is of considerable 
interest as a potential therapeutic target. Different 

A DETAILED UNDERSTANDING of the mechanism 
by which mutated genes confer a neoplastic pheno- 
type on cells is anticipated to result in mechanism-based 
cancer therapeutics that specifically target the underlying 
defects in cellular growth regulation. By virtue of their 
specificity, these therapeutics may prove more effective and 
much less toxic than the chemotherapeutic agents now- 
available, thereby resulting in superior therapeutic out- 
comes. One potential target is the Ras family of proteins, 
which are mutationally activated in a wide range of human 
tumor types and are important contributors to the neoplastic 
phenotype. 1 ' 3 

In addition to the role of ras in neoplasia, normal ras 
genes, which are present in all eukaryotes, are critical 
regulators of numerous physiologic processes. 1 ' 3 Experimen- 
tal studies of Ras protein structure, function, and regulation 
indicate that Ras is a key intermediate in signal transduction 
pathways that mediate proliferative and other types of 
signals largely from upstream of receptor tyrosine kinases to 
a downstream cascade of protein kinases, which control a 
wide variety of cellular processes, including growth, differ- 
entiation, apoptosis, cytoskeletal organization, and mem- 
brane trafficking. 4 - 5 Because of its central role in regulating 
these processes, Ras, along with several of the Ras effector 
pathways, provides opportunities to develop novel therapeu- 



classes of FTase inhibitors have been identified that 
block farnesylation of Ras, reverse Ras-mediated cell 
transformation in human cell lines, and inhibit the 
growth of human tumor cells in nude mice. In transgenic 
mice with established tumors, FTase inhibitors cause 
regression in some tumors, which appears to be medi- 
ated through both apoptosis and cell cycle regulation. 
FTase inhibitors have been well tolerated in animal 
studies and do not produce the generalized cytotoxic 
effects in normal tissues that are a major limitation of 
most conventional anticancer agents. There are ongo- 
ing clinical evaluations of FTase inhibitors to determine 
the feasibility of administering them on dose schedules 
like those that portend optimal therapeutic indices in 
preclinical studies. Because of the unique biologic as- 
pects of FTase, designing disease-directed phase II and 
III evaluations of their effectiveness presents formidable 
challenges. 

J Clin Oncol 17:3631 3652. © 1999 by American 
Society of Clinical Oncology. 



tics that specifically target the aberrant signaling pathways 
operative in tumor cells. 

This review is an overview of current knowledge of the 
role of Ras in signal transduction. Its focus is the principal 
posttranslational process involved in Ras activation, farne- 
sylation, which is required for Ras to transform cells and is a 
novel target for development of therapeutics against cancer. 
The current state of efforts targeting Ras protein farnesyla- 
tion is examined, including preliminary results of the first 
generation of therapeutics to enter clinical trials. 

THE ras PROTO-ONCOGENE AND Ras PROTEIN 

Three ras proto-oncogenes have been identified: the 
R-ras gene (homologous to the oncogene of the Harvey 
murine sarcoma vims), the K-ras gene (homologous to the 
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oncogene of the Kirsten murine sarcoma vims), and the 
N-ras gene (which does not have a retroviral homolog and 
was first isolated from a neuroblastoma cell line). 4 " 9 The ras 
oncogenes encode four 21-kd proteins, called p21 ras or Ras 
(H-Ras, N-Ras. and K-Ras4A and K-Ras4B ; resulting from 
two alternatively spliced K-Ras gene products), that are 
localized to the inner surface of the plasma membrane in 
mammalian cells. 

Ras proteins contain 188 or 189 amino acids and exhibit 
high sequence homology, with the first 86 amino acids being 
identical, the next 78 having 79% homology, and the 
following 25 amino acids being highly variable. 56 The 
highly conserved nature of the variable region across 
mammalian species indicates that Ras proteins serve specific 
functions. The final four amino acids play an important role 
in specifying subcellular localization of the Ras protein. All 
Ras proteins have a specific amino acid sequence motif at 
the carboxyl (C) terminus, commonly referred to as the 



CA f A 2 X box, in which C represents a cysteine residue; A] 
and A 2 represent aliphatic amino acids, usually valine, 
leucine, or isoleucine; and X is either methionine or serine. 

Regulation of Ras Activity 

Ras proteins are members of an extended family of 
GTPases, which include proteins involved in protein synthe- 
sis and signal transduction. 4 Ras functions as a molecular 
switch that cycles between an inactive guanosine 5'- 
diphosphate (GDP)-bound form and an active guanosine 
5' -triphosphate (GTP)-bound state. The processes by which 
Ras is activated and functions in intracellular signaling are 
depicted in Fig 1. Ras is synthesized as a biologically 
inactive cytosolic propeptide (Pro-Ras) and is localized to 
the inner surface of the plasma membranes only after it has 
undergone a series of closely linked posttranslational modi- 
fications at the C-terminus, thereby increasing its hydropho- 
bicity and facilitating its association with the plasma mem- 




Proliferation 



Fig 1 . Ras pathways. Ras is synthesized as a propeptide (Pro-Ras) and undergoes a series of posttranslational lipid modifications that enable it to associate 
with the inner surface of the plasma membrane. The first modification is catalyzed by FTase to cause covalent addition of the farnesyl group from farnesyl 
diphosphate (FDP) onto the cysteine residue of the CAAX sequence. Next the AAX residues are removed by CAAX protease, followed by carboxymethylation of 
the farnesyl -cysteine residue from a s-adenosyl-i-methionine (SAM) donor. In some Ras proteins, palmitoyl transferase catalyzes an additional modification of 
upstream cysteine residue(s) by the fatty acid palmitate. These modifications enhance protein hydrophobiaty and plasma membrane association, in which Ras 
cycles from an inactive GDP-bound state to an active GTP-bound state. In response to growth factors (GF), GEF mediates exchange of GTP for GDP. Ras GTP then 
activates several effectors, including Raf- 1 and the MAPK pathway, the Rac/Rho pathway, kinase kinase kinase MEKK, and PI3K. GTPase activator proteins 
(GTPase activator protein [GAP] and neurofibrin INF!]) then enhance hydrolysis of Ras-GTP and return it to an inactive state. GEF, guanine-nucleotide-exchange 
factors; Grb-2, growth factor receptor-binding protein; JNK, Jun amino-terminal kinase; SOS, son-of-sevenless (Drosophila homolog of ras). 
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brane. 10-14 The first and most critical step, farnesylation, 
adds a 15-carbon farnesyl isoprenoid group to H-, K-, and 
N-Ras and is catalyzed by protein farnesyltransf erase (FTase). 

Ras proteins transmit a wide array of extracellular signals 
from cell surface receptors to the cytoplasm, initiating a 
cascade of protein kinases that ultimately regulates both 
nuclear and cytoplasmic processes., Considerable progress 
has been made in elucidating the details of the signal 
pathway upstream of Ras (ie, from the binding of a growth 
factor to its receptor to the activation of Ras). In its normal 
wild-type state, Ras- GDP is rapidly and transiently con- 
verted to Ras GTP in response to diverse extracellular 
stimuli. These stimuli include growth factors that stimulate 
proliferation of fibroblasts and other types of cells (eg, 
epidermal growth factor, c-erb2, and platelet-derived growth 
factor), growth factors that activate lymphocytes and stimu- 
late the proliferation of hematopoietic cells (eg, interleukin 
2, interleukin 3, and granulocyte-monocyte colony-stimulat- 
ing factor), hormones (eg, insulin), and neurotransmitters 
(eg, carbachol). 15 ^ 16 Typically, the cell-surface receptors for 
these growth factors are receptor tyrosine kinases; the 
binding of growth factors and other signals to the receptor 
promotes receptor dimerization that leads to autophosphory- 
lation. 13 ' 17 18 In a similar manner, cytokines and other 
transmitters may bind to receptors that activate nonreceptor 
tyrosine kinases such as the Src family (eg, Lck, Lyn, and 
Fyn). 15il7 > 18 Theryrosine-phosphorylated growth factor recep- 
tor provides a binding site for an "adapter protein" such as 
growth factor receptor-binding protein (Grb2), which "con- 
nects" other signaling proteins through its srohomology 2 
and A'/r-homology 3 binding domains (Fig 1). In essence, 
Grb2 binds to one of the tyrosine residues on the activated 
tyrosine kinase receptor through its jir-homology 2 domain, 
and Grb2 then recruits Ras activator proteins to the plasma 
membrane. Ras activator proteins such as SOS (an acronym 
for the Drosophila homolog of this gene, son-of-sevenless) 
function as Ras guanine-nucleotide-exchange factors (GEF) 
that bind to the src-homology 3 domain of Grb2, thereby 
forming a stable complex. GEF then mediates the exchange 
of GTP for GDP on Ras by facilitating the dissociation of 
GDP from Ras -GDP; subsequent GTP binding promotes the 
release of GEF and leaves Ras in its activated form. 4 When 
stimulated by receptor activation to bind GTP, Ras promotes 
cellular proliferation and other effects. 

During normal cell growth, continuous stimulation by 
extracellular growth factors is required to maintain wild- 
type Ras in an activated state; otherwise, it reverts rapidly to 
the inactive form. Although wild-type Ras has low intrinsic 
GTPase activity, GTPase activator proteins (ie, GTPase 
activator or accelerator protein [GAP] or neurofibromin 



[NF1]) enhance the hydrolysis of bound GTP to GDP, 
converting Ras to an inactive form. Biochemical studies 
suggest that although mutant Ras exhibits slightly less 
intrinsic GTPase activity than does wild-type Ras, the 
principal functional effect conferred by mutant Ras is a 
marked decrease in the ability of Ras to interact with 
GAP. 19 " 21 Instead of reverting to its inactive GDP-bound 
state, mutant Ras remains in an active OTP-bound state and 
continues to activate downstream effectors despite the 
absence of growth factor stimulation. 

Activation of Effector Proteins 

In its GTP- bound state, Ras can activate several down- 
stream effector pathways, of which the pathway involving 
the serine -threonine kinase Raf-1 has been most thoroughly 
elucidated. There are multiple branch points in this pathway, 
and Raf is only one of many effectors of Ras signaling. 22 
Other effectors include the small GTP-binding proteins 
(called G proteins) Rac and Rho, phosphatidylinositol-3'- 
kinase (PI3K), and mitogen-activated protein (MAP) kinase 
kinase kinase (MEKK),, Two mechanisms have been pro- 
posed to explain how Ras-GTP activates its downstream 
effectors. 23 In the recruitment model, Ras is anchored to the 
plasma membrane, where it binds to the cytoplasmic effector 
and allows other membrane proteins to induce activation. 
Alternatively, in the allosteric model, Ras binding induces a 
conformational change in the effector molecule, resulting in 
activatiom Both mechanisms may be involved, depending 
on w T hich effector protein is activated. 

Activation of Raf 1. The activation of the effector Raf-1 
occurs after it is recruited to the cell membrane; however, 
the precise mechanism by which Ras activates Raf-1 is 
unknown. 24 " 31 Once activated, Raf-1 phospborylates two 
MAP kinase kinases, MEK { and MEK 2 , which in turn 
phosphorylate the mitogen-activated protein kinases 
(MAPK), p44 M/U>/r and p42 MA/ '* (also known as extracellular 
signal-regulated kinases 1 and 2 or ERK1 and ERK2). 32 On 
activation, MAPKs translocate to the nucleus, where they 
phosphorylate and activate a variety of substrates, including 
the Elkl nuclear transcription factor, ultimately leading to 
the activation of other kinases, transcription factors, and 
c-fos and other downstream target genes associated with 
proliferation. 22 

Several lines of evidence indicate that Raf is a critical 
effector of Ras function. First, dominant- negative mutants of 
Raf can impair Ras-transforming activity. 33 ' 34 Constituti vely 
activated forms of Raf also exhibit transforming activity 
comparable to that of Ras 30 ' 35 and are themselves sufficient 
to transform some murine cells. 36-38 However, Raf is cer- 
tainly not the sole effector of Ras. Although activated Raf 
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generally has potent transforming activity in rodent fibro- 
blasts, it is less efficient in transforming other cell types. 39 ' 40 
Other proteins that associate with the "effector" domain of 
Ras-GTP have been identified, including several members of 
the Rho family, MEKK, and PI3K, each of which exhibits 
transformation activity or Ras-induced signaling activity, in 
many cases independent of Raf. 22 

Activation ofRac and Rho. Ras-GTP also activates the G 
proteins Rac and Rho through an activation pathway often 
referred to as the cell morphology pathway 41 " 43 Like Ras, 
these proteins cycle between GDP- and GTP-bound suites 
and are regulated by factors similar to GEF and GAP, 15 One 
of the principal functions of the Rho proteins appears to be 
the regulation of the actin cytoskeleton, affecting such 
processes as membrane ruffling and formation of stress 
fibers, focal adhesions, and fllopodia. 25 The activation of 
Rac and Rho by oncogenic Ras may lead to morphologic 
changes that increase the invasive properties of transformed 
cells. Cells with constitutively activated Rac exhibit a 
dramatic increase in membrane ruffling, with an increase in 
actin polymerization, whereas cells with constitutively acti- 
vated Rho are associated with significant cytoskeletal reorga- 
nization and increased numbers of focal adhesions. 44 - 45 

Activation of MEKK. MEKK, like Raf, is a serine - 
threonine protein kinase, one that is activated by GTP-Ras 
and in turn phosphorylates and activates MEK-family pro- 
teins, independently of Raf. 46 * 47 Although MEKK can acti- 
vate MEK when overexpressed, its primary 7 target appears to 
be a related kinase, SEK1, which in turn phosphorylates 
another MAPK family member, Jun amino-terminal kinase 
(JNK) 48 ~ 51 INK in turn activates the c-Jun transcription 
factor. Even though c-Jun appears to be required for Ras 
transformation, the MEKK pathway has not been implicated 
in tumorigenesis.^ 2 - 53 JNK activation may promote different 
cellular consequences, such as apoptosis and proliferation, 
depending on the coordinate activation of other pathways. 22 

Activation ofPBK. In addition to the Raf-1 and Rac/Rho 
pathways, Ras activates the downstream effector PI3K, 
which is a member of a family of lipid kinases that 
phosphorylate phosphoinositides. 54 PI3K forms a high- 
affinity complex with Ras-GTP, resulting in an increase in 
PI3K activity. 55 " 57 PI3K signaling has been linked to a 
number of cellular processes that may be significant in 
oncogenic transformation, including control of the actin 
cytoskeleton, motility, invasiveness, prevention of cellular 
senescence, and suppression of apoptosis. 58 " 63 Of particular 
interest is the finding that PI3K mediates the inappropriate 
survival of Ras- transformed epithelial cells in the absence of 
attachment to the extracellular matrix and the suppression of 
c-Myc-induced apoptosis by Ras. 64 65 Activation of PI3K 
results in the production of a number of phosphoinositides, 



which are assumed to function as second messengers. 
However, only a single downstream target for PI3K activa- 
tion, protein kinase B (PKB; also Akt), has been clearly 
identified 66 Another protein, pp70 s6k , is also activated by 
PI3K, although the mechanism of activation is unknown 6 ; It 
is known that pp70 S6k mediates phosphorylation and activa- 
tion of the 40S ribosomal protein S6, which is necessary for 
cell cycle progression from Gi into S phase. 68 * 70 

Potential Effectors of Ras, Other effectors of Ras 
function have been identified, including the zeta isoform of 
protein kinase C and Ral guanine nucleotide dissociation 
stimulator. 27 " 29 However, the functional significance of Ras 
interactions with these signaling proteins is not knowm In a 
recent study, Cripto~l, a member of the epidermal growth 
factor family that does not activate known growth factor 
receptors, was shown to stimulate growth of mouse mam- 
mary epithelial cells and block lactogenic hormone- 
mediated expression of beta-casein via Ras signaling, with 
the former effect dependent on a M APK-mediated pathway 
but the latter dependent on a PI3K pathway. 61 Thus it is 
likely that in any given cell type, multiple Ras effector 
pathways may cooperate to produce the full effect of Ras 
activation. 

Mutations o/ras in Cancers 

Mutated ras oncogenes were first identified by their 
ability to transform NIH 3T3 cells after DNA transcrip- 
tion. 1 ' 71-73 Subsequent analysis of a variety of tumor samples 
revealed that in part of the human tumors, one of the three 
ras genes harbored a point mutation; as a result, the protein 
product has an altered amino acid, most commonly at one of 
the critical positions 12, 13, or 61. In human tumors, the 
mutation at residue 12, in which the glycine residue is 
mutated to serine, cysteine, arginine, asparagine, alanine, or 
valine, is the most commonly found. L71 ~ 73 Mutations of ras 
occur in approximately 30% of all human cancers, including 
a significant proportion of pancreatic and colorectal carcino- 
mas. 1 ' 15 ' 19 Most mutationally activated forms of ras genes 
identified in tumors result in disrupted guanine nucleotide 
regulation and constitutive acti vation of Ras 5 With regard to 
the three ras genes, mutation of K-ras is most commonly 
found in human tumors, whereas N-ras mutations are 
encountered less often and H-ras mutations rarely. 1 " 5 The 
clinical significance of these different mutations is not 
completely understood, although there is evidence that each 
Ras isoform leads to distinct biochemical consequences 
because of the quantitative differences in activation of the 
many downstream effector pathways. 74 In addition, the type 
of ras mutation seems to correlate with tumor type. 1 " 5 
Although activating ras mutations are particularly associ- 
ated with myeloid malignancies and carcinomas of the 
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Table 1 . ras Mutations and Human Tumors 



Type of Tumor/Cancer 


No of 
Tumors 
Assessed 


ros Mutation 
Frequency 
[% Positive) 


Predominant 
ras Mutation 


Acute myelogenous leukemia 


302 


23 


N 


Bladder 


67 


11 


H 


Breast 


80 


2 


H,K 


Myelodysplasia syndrome 


138 


28 


N 


Cervix 


106 


6 




Choiangiocarcinoma 


35 


56 


N 


Colon 








Adenocarcinoma 


751 


36 


K 


Adenoma 


349 


24 


K 


Embryonal rhabdomyosarcoma 


36 


14 




Endometrial carcinoma 


174 


21 


K 


Liver 


31 


10 


N 


Lung 








Large-cell carcinoma 


61 


21 


K 


Adenocarcinoma 


626 


22 


K 


Kidney 


30 


10 


H 


Melanoma 


50 


16 


N 


Multiple myeloma 


144 


46 




Oral squamous cell carcinoma 


109 


23 




Ovarian carcinoma 


148 


23 


K 


Pancreatic carcinoma 


247 


78 


K 


Seminoma 


54 


43 


K, N 


Skin: keratoacanthoma 


66 


26 


H 


Thyroid 








Follicular adenoma 


71 


28 


H, K, N 


Follicular carcinoma 


30 


53 


H, K, N 


Papillary carcinoma 


69 


25 




Undifferentiated carcinoma 


12 


58 


H, K,N 


NOTE Data adapted. 1 - 1 5 - ] 9 



colon, pancreas, lung, and thyroid, they have also been 
detected in many other types of cancer (Table ]).W5J9.75 
There do not appear to be major functional differences 
among the three Ras proteins when mutated, and in most 
tumor types there does not appear to be absolute specificity 
for any particular type of ras mutation. 

POSTTRANSLATIONAL MODIFICATION OF Ras 

For Ras to transduce the extracellular signals provided by 
growth factors and cytokines, it must be associated with the 
inner surface of the plasma membrane. This association is 
facilitated by a series of posttranslational chemical modifica- 
tions. After its synthesis as cytoplasmic Pro-Ras, Ras is 
sequentially modified by farnesylation of the cysteine resi- 
due, proteolytic cleavage of the AAX peptide by proteases, 
and carboxymethylation of the new C-terminal carboxylate 
by carboxymethyl transferase. As the first step in this 
sequence, farnesylation is the most critical part of the 
process. 10 - 18 ' 74 ' 76 " 81 

FTase catalyzes the farnesylation step by recognizing the 
CAAX motif of the Ras C-terminus and transferring a 
15-carbon farnesyl isoprenoid from farnesyl diphosphate 
(FDP) to form a thioether bond with the Ras cysteine (Fig 
2). 78 In another principal prenyl ati on reaction relevant to cell 
signaling, geranylgeranylation, protein geranylgeranyl trans- 
ferases (GGTases) transfer either one or two 20-carbon 
geranylgeranyl isoprenoids from geranylgeranyl diphos- 
phate to proteins. 10 - 76 Both farnesylation and geranylgeran- 
ylation result in more hydrophobic proteins. The proteins 
modified by geranylgeranylation are more hydrophobic than 
are those modified by farnesylation, and geranylgeranylation 
may also serve as part of a recognition sequence for 




FPTa.se 



Fig 2. The first step in Ras posttranslational modification is mediated by FTase, which transfers a farnesyl moiety from FDP to the cysteine moiety in the CAAX 
motif at the carboxyl terminus of Ras. FTase inhibitors block this enzymatic step. 
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protein-protein interactions. 76 Prenyl ated proteins share char- 
acteristic C-terminal amino acid sequences, including CAAX, 
XXCC, or XCXC. 

All Ras proteins except K-Ras4B undergo an additional 
modification, in which the enzyme palmitoyltransferase 
catalyzes attachment of a fatty acid palmitate on cysteine 
residue(s) near the farnesylated cysteine. 82 ' 83 K-Ras4B has 
not a palmitoylation site but rather a cluster of lysine-rich 
sequences that may be responsible for increased affinity with 
the cell membrane, by electrostatically interacting with 
acidic phospholipids and other negatively charged mem- 
brane groups on the inner membrane surface. 11 ' 83 " 85 With 
regard to the respective roles of farnesylation and palmitoyla- 
tion, it has been proposed that farnesylation brings a finite 
amount of Ras to all cellular membranes and that palmitoyla- 
tion is then required to trap the protein, at least reversibly, in 
the membrane. Although each of these posttranslational 
modifications increases the hydrophobicity of Ras and 
contributes to its association with the plasma membrane, the 
initial farnesylation step alone is sufficient to promote 
substantial membrane association and confer transforming 
potential. 13 ' 14 Studies in Xenopus oocytes that had physi- 
ologic amounts of H-ras indicated that Ras activates oocytes 
very poorly, unless the protein is palmitoylated., 83 Strategies 
that are capable of blocking FTase and preventing farnesyla- 
tion may be expected to inhibit the maturation of Ras into a 
biologically active molecule, thus turning off signal transduc- 
tion. An in-depth understanding of other posttranslational 
processes related to Ras, including palmitoylation, methyl 
ation, and proteolysis, is emerging, and studies to determine 
whether they have a role as strategic targets for anticancer 
therapeutic development seem warranted. 

FTase and Other Prenyltransf erases 

Most prenylation reactions are catalyzed by three prenyl 
protein transferases that differ in their isoprenoid substrates 
and protein targets. These enzymes have a- and p- subunits. 
The a-subunits have all evolved from a common ancestral 
gene and contain a repetitive sequence motif with conserved 
amino acids that are important for function. 6 - 79 ' 85 p-Subunits 
are also ancestrally related and contain internal repeats that 
facilitate zinc (Zn 2+ ) binding. FTase consists of a 48-kd 
a-subunit and a 46-kd p-subunit 6,79 85 Zinc (Zn 2_i ) appears 
to be required for substrate CAAX binding, whereas magne- 
sium (Mg 2+ ) is required for catalysis. Although whole 
proteins are substrates for cellular FTase, CAAX tetrapep- 
tides act as in vitro substrates that behave kinetically, like the 
corresponding complete protein. In addition to influencing 
the affinity of substrates for FTase or GGTase, the terminal 
residue of the CAAX box also confers enzyme specificity. 



For example, although mammalian FTase prenylates CAAX 
substrates in which X is either methionine, serine, or 
glycine, the affinity for the enzyme is 10- to 30-fold higher 
for substrates in which X is methionine (eg, K-Ras4B and 
lamin B) than for substrates in which X is either serine or 
glycine (H-Ras)„ 86 87 This implies that intracellular proteins 
have different sensitivities to FTase inhibitors. 

Recent studies of the crystalline structure of FTase 
indicate that the enzyme contains two clefts, which may 
represent the FDP and CAAX binding sites. 88 At the junction 
of these clefts lies a Zn 2+ atom, which coordinates the thiol 
group of the cysteine into a ternary complex. The results of 
cross-linking studies suggest that both FDP and the CAAX 
region may bind to the p-subunit, whereas the a-subunit 
may stabilize the p-subunit and catalyze the transfer of the 
farnesyl isoprenoid moiety. 89 Further, the a-subunit under- 
goes phosphorylation, which controls the activity of the 
enzyme. 90 A second FTase isoform, with a molecular weight 
of 250 kd, was recently isolated from human Burkitt 
lymphoma Daudi cells; it has a p-subunit that is identical to 
that of the principal FTase but has a distinct a-subunit. 91 The 
functional significance of this new isoform in the posttrans- 
lational modification of Ras has not yet been established. 

Two other structurally related protein prenyltransferases, 
GGTase-I and GGTase-II, prenyl ate critical proteins by 
attaching either one or two 20-carbon geranylgeranyl isopren- 
oid lipid moieties to the C-terminal end of the proteins. 
GGTase-1 and FTase share an identical a- subunit and have 
similar; but distinct p-subunits. Like FTase, GGTase-I is a 
Zn 2 4 metalloenzyme that requires Mg 2 ^ for catalysis and 
recognizes proteins with a CAAX motif or CAAX tetrapep- 
tides as substrates. 6 - 79 85 In contrast to FTase, which binds 
FDP only 30 times as tightly as it does GGPD, GGTase-I 
binds GGPD 300 times tighter than it does FDP. 9293 
GGTase-I preferentially prenylates proteins in which the X 
residue is leucine. The enzyme consists of three subunits, of 
which the catalytic unit is an aP-heterodimer with homol- 
ogy to the subunits of FTase and GGTase-I. However, 
GGTase-II requires an additional protein, known as the Rab 
escort protein, to facilitate interaction of its substrate 
proteins with the enzyme. 86 Unlike FTase, it is inhibited by 
Zn 2 + and recognizes other domains of the target protein in 
addition to its C-terminal substrate. 74 ' 85 ^ 94 

Selectivity of Proteins for Prenylation Reactions 

Although FTase and GGTase-I have distinct protein 
substrate preferences, their substrate specificities are not 
absolute. It has been shown in vitro that GGTase-I can 
prenylate proteins in which the X amino acid is methionine 
(usually a substrate for FTase) and FTase can prenylate 
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proteins in which the X is leucine (usually a substrate for 
GGTase-I). 94 Furthermore, GGTase-1 can geranylgeranylate 
K-Ras4B and other proteins that are typically farnesylated, 95 
and it can both farnesylate and geranylgeranylate a single 
substrate, Rho B. 96 Although it is apparent that geranylgeran- 
ylated Ras proteins produced by mutant ras genes are 
capable of transforming cells, geranylgeranylated proteins 
produced by normal ras are inhibitory. The cumulative 
results of studies indicate that although membrane localiza- 
tion is critical for Ras function modification with a specific 
isoprenoid lipid moiety (eg, FDP or GDPD), it is not 
essential 97 The cross-prenylation of Ras by GGTase-I has 
also been observed in yeast strains in which the RAMI gene 
for the FTase p-subunit has been deleted. 98 The potential for 
cross-prenylation of FTase and GGTase-I implies that 
GGTase-I might be able to restore the function of Ras and other 
proteins after FTase irihihition, which may have implications for 
the development of resistance to such targeted therapeu- 
tics 95 - 96 ^ 

Many mammalian proteins besides the four forms of Ras 
have a CAAX motif and are substrates for either FTase or 
GGTase (Table 2). 8a86 - 94J00 Why some proteins are modified 
by farnesylation. others by geranylgeranylation, and still 
others by double geranylgeranylation remains unknown. 
Many of these substrates are oncogenic and/or have roles in 
mitogenic signaling. Protein farnesylation is essential for 
many physiologic processes, including skeletal muscle func- 
tion (phosphorylase kinase) and vision (transducin 7-sub- 
unit, cyclic guanosine 3 ',5' -monophosphate [cGMP] phos- 
phodiesterase a-subunit of cGMP, and rhodopsin kinase). 79 ' 80 
GGTase-II catalyzes proteins of the Rab family that are 
involved in protein secretion. Thus proteins involved in Ras 
signal transduction are not the only proteins that undergo 
prenylation, suggesting that therapeutic efforts directed at 
disrupting these processes may in fact inhibit multiple 
pathways. 

Prenylated proteins have vastly different affinities for 
FTase and GGTases, however, which largely depend on the 
specific amino acids that comprise the C-terminus CAAX 
tetrapeptide and the binding constant (K m ) of the enzyme. 
Although most dam suggest that the minimal recognition 
sequence of proteins that are farnesylated by FTase is the 
CAAX tetrapeptide, there is evidence that additional se- 
quences outside the CAAX region influence the binding 
affinity of substrates to the enzymes and the kinetics of 
prenylation. 96 101 The differences in protein affinity imply 
that various intracellular proteins exhibit a range of sensitivi- 
ties to FTase inhibitors. Because protein farnesylation is 
involved in many physiologic processes, a major concern 



Table 2. Mammalian CAAX Proteins That Are Known 
or Likely to Be Prenylated 



CAAX Protein(s) 



Function (s) 



Farnesylated 
H-Ras, K4B-Ras / and N-Ras 

Lamins A and B 
Rap2 

Rho-B and Rho-E 
Pxf 

Phosphorylase kinase a and \ 
PRL-1/PTP CAAX 1 and 2 
Transducin 

cGMP phosphodiesterase a 
Rhodopsin kinase 
YDJ1 homoiog 
inositol-! ,4,5-triphosphate 
5-phosphatase iype I 
Geranylgeranylated 
G-proteins -ysubunits 

Rapl 

Rho A, B, C, and G 
Cdc42 



Rac 1 and 2 

R-Rasland R-Ras 2/TC21 
Ral AandB 

cGMP phosphodiesterase p 
T-5' oligo (A) synthetase 
2'- 3 '-Cyclic nucleotide 3'- 

phosphodi esterase 
Inositol- 1 ,4,5-triphosphate 5 

phosphatase type I 



Signaling for growth, differentiation, 

apoptosis 
Nuclear membrane structure 
Platelet function 

Cytoskeletal organization; gene expres- 
sion; cell cycle control 
Peroxisomal location 
Skeletal muscle function 
Protein tyrosine phosphatase 
Visual signal transduction 
Visual signal transduction 
Visual signal transduction 
Chaperone protein 
Lipid phosphatase; calcium signaling 



Signaling for growth, differentiation, 
apoptosis 

Competes with Ras for various effectors 
Cytoskeletal organization; gene expres- 
sion; cell cycle control 
Rho family; cytoskeletal organization; 
ceil polarity in Saccharomyces cerevi- 
siae 

Membrane ruffling; ach'n reorganization 
Binds to bcl- 2, which regulates apoptosis 
Unknown 

Visual signal transduction 
Role in protein synthesis 
Composed of myelin; MAP 

Lipid phosphatase, calcium signaling 



NOTE Data adapted 77 < 78 - 99 

regarding the development of therapeutics targeting FTase is 
whether sufficiently high therapeutic indices can ever be 
achieved. 

TYPES OF FTase INHIBITORS 

The acquisition of detailed kinetic information about the 
FTase reaction and the physicochemical nature of FTase 
substrates has led to the rational design of FTase inhibi- 
tors.^ 77 " 80 ' 1 02,103 Three general approaches have been used: 
design and synthesis of FDP analogs that compete with the 
substrate FDP for FTase; design and synthesis of peptidomi- 
metics or CAAX mimetics that compete with the CAAX 
portion of Ras for FTase; and design and synthesis of 
bisubstrate analogs that combine the features of both FDP 
analogs and peptidomimetics (Fig 3). Still other approaches 
have resulted in the development of several types of 
structurally and functionally unrelated compounds that are 
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Fig 3. Structures of representative agents from different classes of FTase inhibitors. 
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nonpeptidomimetic inhibitors of FTase. The recent elucida- 
tion of the crystalline structure of FTase most likely will 
further our understanding of the binding of specific classes 
of inhibitors and provide insight into the optimal design of 
FTase inhibitors. 88 

FDP Analogs 

Inhibitors of FTase have been designed based on the 
famesyl moiety of the FDP substrate. Among the first FTase 
inhibitors to demonstrate activity in cell culture systems was 
the nonhydrolyzable FDP a-hydroxyfarnesyl-phosphonic 
acid, which inhibits FTase with an inhibitory constant (fQ) of 
5 nmol/L. 6 ' 7995 The agent inhibited Ras processing in 
H-ra5-transformed NIH 3T3 fibroblasts at concentrations as 
low as lumol/L 40 Other, more highly selective FDP analogs 
that inhibit FTase at submicromolar concentrations in vitro 
have also been synthesized and have been shown to inhibit 
H-Ras processing in whole cells at concentrations of approxi- 
mately 1 imiol/L. 0 ' 93 These FDP analogs have also been 
demonstrated to block H-Ras~mediated transformation of 
NIH 3T3 fibroblasts at concentrations of 100 umol/L, and 
none were toxic to untransformed cells at concentrations of 
up to 250 umol/L. 6 However, these agents have not yet 
demonstrated relevant antitumor activity in animal models. 

Although FDP binds to FTase at low nanomolar affinity, 
intracellular FDP concentrations are approximately lumol/L, 
which means that most FDP binding sites on FTase in the 
cell are occupied. Thus FDP analogs likely need to possess 
higher affinity than does FDP for FTase. Further, other 
enzymes use FDP in many cellular processes, which implies 
that FDP analogs may produce appreciable toxicity and 
therefore clinically useful compounds need to be much more 
selective for FTase than do other FDP-using enzymes in the 
cell 

Peptidomimetics 

The finding drat CAAX tetrapeptides contain the primary 
determinants for enzyme recognition led to the synthesis of a 
number of peptides as FTase inhibitors, using the principles 
of rational drug design. The demonstration that tetrapeptides 
with aromatic amino acid substitutions at the second ali- 
phatic amino acid position two residues away from the 
cysteine group were nonsubstrate FTase inhibitors aroused 
interest in developing low- molecular- weight CAAX peptido- 
mimetics as a principal strategy for FTase inhibition . I0a 104 

Although CAAX peptides are potent FTase inhibitors in 
acellular systems, several physicochemical aspects limit 
their usefulness against tumor cells growing in tissue culture 
and in animals, and these compounds generally lose two or 
three logs of potency in whole cells. First, the free C- 
terminal carboxylate residue of CAAX mimetics is nega- 



tively charged, which makes the plasma membrane rela- 
tively impermeable to such compounds. To mask the negati ve 
charge, a prodrug strategy has been used to synthesize ester 
or lactone derivatives, with the assumption that the ester or 
lactone would be hydrolyzed to the more active acid in the 
cell. Nevertheless, these prodrugs are susceptible to cleav- 
age by esterases and other hydrolytic enzymes in plasma, 
and thus the challenge has been to develop prodrugs that are 
resistant to hydrolysis in plasma but still sensitive to the 
intracellular hydrolysis required to generate the active FTase 
inhibitor. Second, the labile peptidic bonds of these com- 
pounds are rapidly degraded by intracellular proteases, and 
additional chemical modifications to enhance compound 
stability are required. A pseud opeptide strategy, whereby 
peptide bonds in CAAX are reduced to their methyl e- 
neamino forms, has been used to create several potent and 
stable peptidomimetics. For example, reduction of the first 
and second amide linkages and substitution of homo serine 
for methionine has been used to synthesize L-73 1,735, 
which is relatively stable in the cell. 105 L-73 1,735 is a potent 
inhibitor of FTase (concentration that inhibits function or 
growth by 50% [IC 50 L 18 nmol/L); the IC 5 o of its prodrug, 
L-73 1,734, is much greater (IC 50 , 282 nmol/L) „ A further 
application of this approach involves the synthesis of the 
methyleneoxy-isostere L-738,750, a potent FTase inhibitor 
(IC 5 o> L8 nmol/L) that is prepared by replacing the amide 
linkages between the two central amino acids in CAAX with 
an oxyether bridge. 106 Both L-738,750 and its prodrug 
methyl ester derivative, L-739,749. inhibit H-Ras processing 
at concentrations of 0.1 to LOumol/L and suppress the 
growth of mutated H-Ras-transfected tumors in nude mice. 107 
A similar prodrug, L -744,73 2, has been demonstrated to 
inhibit the growth of more than 70% of tumor cell lines in 
vitro at concentrations of 2 to 20umol/L, 107 

A more recent approach to developing peptidomimetic 
FTase inhibitors is to eliminate the prodrug strategy. One 
permutation of this approach involves deletion of the X 
residue in die CAAX box, followed by further modifications 
of the resultant C-terminal elements. 108 This strategy has 
produced cell -permeable compounds that are pure competi- 
tive inhibitors of the protein substrate but are not themselves 
substrates of FTase, These agents also possess in vitro 
potencies for FTase in the range of 25 to 500 nmol/L.. In 
addition, despite deletion of the X residue, which determines 
prenylation specificity 7 , these pseudopeptides retain more 
than 100-fold selectivity for FTase versus GGTase-L The 
development of these agents has been limited by non- 
mechanism -based cytotoxicity. 

Another related approach involves replacing the peptidic 
features of the two central amino acids of the CAAX 
tetrapeptide with stable hydrophobic spacers. This approach, 
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using 4-aminohenzoic acid and its derivatives to replace the 
amino acids, has been used to synthesize FTI-276, which is 
one of the most potent compounds in its class, and its 
prodrug, FTI-277. 109 In vitro. FTI-276 inhibits FTase (IC50, 
0.5 nmol/L). and in vivo FTI-277 inhibits H Ras processing 
(IC50, 100 nmol/L). Still another pseudopeptidomimetic 
approach, in which alkaline spacers are used to replace the 
central two amino acids in the CAAX tetrapeptide, led to the 
synthesis of B956 and its prodrug, B1086. 110 B956 inhibits 
both H-Ras and K-Ras processing (IC 50 , 0.5 and 25nmol/L, 
respectively). These agents have been shown to inhibit the 
growth of transformed cell lines without Ras mutations at 
concentrations ranging from 16 to 80umol/L and to inhibit 
tumor growth in nude mice. 110 

Random, high-volume screening of histamine-receptor 
antagonists from compound libraries led to the identification 
of a class of novel nonpeptidic, nonsulfhydryl tricyclic 
inhibitors of FTase that do not depend on a prodrug 
strategy. 6,102 The prototypical tricyclic FTase inhibitor 
SCH44342 actively competes with the CAAX substrate. 
This agent inhibits human FTase (IC50, approximately 250 
nmol/L) and Ras processing in Cos-7 monkey kidney cells 
that transiently expressed H-Ras (IC 50 , 3umoI/L). 111-114 The 
pentapeptide PD083176 was also identified by high-volume 
screening of a compound library, and further structure- 
activity studies led to a series of potent derivatives. 115 
PD083176 lacks the cysteine residue common to most 
potent FTase inhibitors and was shown to be competitive 
with FDR Although this agent inhibits human FTase (IC50, 
10 nmol/L), it does not penetrate cells. However, when 5 
pmol was microinjected into Xenopus oocytes, PD083176 
inhibited insulin-induced cell maturation, a Ras- mediated 
process, but not progesterone-induced maturation, a process 
not dependent on Ras. 

Bisubstrate Analogs 

Structural and kinetic analyses of FTase revealed a 
sequential mechanism whereby an enzyme -FDP-CAAX 
ternary complex is formed before catalysis and raised the 
possibility that bisubstrate analogs that mimic tire transition 
state of the enzyme might be both potent and specific 
inhibitors of the enzyme. Instead, bisubstrate analogs that 
incorporate the structural motifs of both FDP and the CAAX 
tetrapeptide are highly potent in vitro. 116 The bisubstrate 
analog BMS -186511 is 2,000-fold more specific for FTase 
than for GGTase and has a minimal effect on normal cells. 117 
The compound also inhibits Ras signaling and growth in 
H-raA --transformed and K- ray-transformed NIH 3T3 cells at 
concentrations as low as O.lumol/L, with farnesylation of 
Ras almost completely inhibited at I00umol/L. Further- 
more, the agent has been shown to inhibit the anchorage- 



independent growth of ST88 14, a malignant schwannoma 
cell line that is deficient in the expression of neuroflbro- 
min. 117 Because neurofibromin has intrinsic Ras GTPase- 
activating activity and cells deficient in it have increased 
levels of Ras-GTR it is conceivable that inhibitors of FTase 
will be useful in treating patients with type I neurofibromato- 
sis. 118 ' 119 

Natural Products 

A number of other FTase inhibitors have been identified 
by high-throughput screening of natural products or libraries 
of compounds that i nhibit the ability of FTase to catalyze the 
addition of FDP to recombinant H-Ras in vitro. Random 
screening of microbial and natural products, using a yeast 
genetic screen for cell-permeable Ras inhibitors, has led to 
identification of the microbial product manumycin and 
related compounds as inhibitors of FTase. 120 Some natural 
products, including the chaetomellic acids, actinoplanic acid 
A, and manumycin analogs, compete with FDP, whereas 
other inhibitors, such as the pepticinnarnins, compete with 
the Ras CAAX tetrapeptide. 6 Most of these agents inhibit 
human FTase at IC 50 values of approximately 100 nmol/L. 
Manumycin has been shown to inhibit the growth of several 
human pancreatie cancer cell lines (IC50, 3.5 to 7.5pmol/ 
L). 121 Interestingly, inhibitory activity in cell lines contain- 
ing a mutated K-ras gene was comparable to that in cell lines 
with the wild-type ras gene. The number of nude mice that 
developed tumors after inoculation with these cells was 
reduced by 80% when the cells were pretreated with 
manumycin 30umol/L for 2 hours before inoculation. Fur- 
ther, the number of liver metastases was reduced signifi- 
cantly. Other natural products, such as fusidienoL preus- 
somerin, gliotoxin, lO'-desmethoxystreptonigrin, and 
cylindrol A, inhibit FTase non competitively at IC 50 values of 
1 to 2umol/L. 6 

Nonpeptidomimetic FTase Inhibitors 

The first FTase inhibitor to be studied in human clinical 
trials, Rl 15777 (Fig 4), is a nonpeptidomimetic FTase 
inhibitor that is an oral quinolone analog of imidazole- 
containing heterocyclic compounds initially developed as 
antifungals. Screening led to identification of the compound 
4-pheny l-6-(phenyl- 1 H-imidazole - 1 -ylmethyl )-2( 1H) - quino- 
linone as a lead, and subsequent directed synthesis led to the 
discovery of an analog, Rl 15777, with oral antitumor 
acti vity. 122 In vitro tests of human tumor cell lines showed 
80% overall sensitivity to R115777, and 100% growth 
inhibition at < 120 nmoL K-ras mutations were identified as 
a marker for resistance to the agent (the remaining 20% of 
tumors had < 50% growth inhibition at 500 nmol). 123 
R115777 inhibits the farnesylation of lamin B (IC 50 , 0.08 
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Fig 4. Structure of the nonpepfidomimefic FTase inhibitor Rl 1 5,777. 

nmol) and K-rasB (IC 50 , 7.9 nmol) and proliferation of 
H-Ras- -transformed fibroblasts (IC50, 1.7 nmol). Prolifera- 
tion of CAPAN-2, HCT-116, and LoVo tumor cells was 
inhibited at IC 50 measurements of 16 to 22 nmol 124 

GGTase Inhibitors 

Most of the FTases described thus far were developed as 
selective inhibitors of FTase, and these compounds are more 
than 1,000-fold more potent at inhibiting FTase than are 
either GGTase-I or GGTase-IL It can be argued that 
selectivity is desirable to avoid toxicities that might result 
from GGTase inhibition, given that a far greater number of 
physiologic proteins are known to be substrates for GGTase-L 
Selective inhibitors of GGTase, including GGTI-297 and 
GGTI-298, have been synthesized, and these compounds 
might be useful in determining the role of GGTase in 
cells. 125 " 127 In addition, it is possible that the coordinate use 
of GGTase inhibitors and FTase inhibitors will be more 
effective against cells harboring mutated K-ras, which is a 
substrate for GGTase-L 

Antisense Oligonucleotides 

Although the focus of most efforts at blocking the 
activation of mutant Ras has been on inhibiting FTase, 
antisense oligonucleotides that block Ras function have also 
been designed. The expression of mutant H-Ras can be 
inhibited by antisense nucleotides that interact with H-Ras 
mRNA codon 12, where mutation most frequently occurs. 128 
When absorbed to polymeric nanoparticles, these oligo- 
nucleotides were shown to inhibit the growth of tumors with 
mutant Ras implanted in nude mice. Antisense oligonucleo- 
tides can also be used against other proteins in the signaling 



cascade activated by Ras proteins, such as the Raf protein. 128 
Although an advantage of this approach is specificity of the 
oligonucleotide to the target gene, it is likely that blocking 
the expression of only one of the downstream proteins will 
not be sufficient to reverse the full effect of activated Ras 
expression* 

ANTITUMOR ACTIVITY OF FTase INHIBITORS 

In Vitro Studies 

FTase inhibitors block the farnesylation of Ras in a 
dose-dependent manner in cancer cells growing in tissue 
culture, although most studies have been performed in tumor 
cells in which the substrate is a mutated form of H-Ras. 123-131 
Although these agents are much more effective at inhibiting 
protein farnesylation than geranylgeranylation, FTase inhibi- 
tors also inhibit farnesylation of many other identified and 
probably unidentified protein substrates of FTase. However, 
much higher concentrations of FTase inhibitors are required 
to block the farnesylation of many of these other substrates, 
particularly lamin B. 129,l3J One caveat is that inhibitors of 
FTase are generally much less effective at modulating the 
processing of K-Ras, whose gene is the most frequently 
mutated ras in human cancer. One possible explanation is 
that the affinity of K-Ras for FTase is 10- to 30-fold higher 
than for other forms of Ras. 86 - 87 ' 132 Alternatively, this 
phenomenon may reflect the ability of GGTase-I-catalyzed 
geranylgeranylation to restore K-Ras processing, in cells 
treated with FTase inhibitors, because K-Ras possesses the 
specific CAAX motif and the upstream polylysine region, 
which are requirements for GGTase-I substrates. 109J33a34 

At concentrations that inhibit the farnesylation of H-Ras 
in tumor cells in vitro, FTase inhibitors prevent many 
changes associated with neoplastic transformation in rodent 
fibroblasts, including rapid and anchorage-independent 
growth, morphologic transformation, and cytoskeletal alter- 
ations. 79 The concentration of FTase inhibitors required to 
elicit these effects is similar to that required to inhibit 
intracellular farnesylation, suggesting that these actions are 
mechanism based. However, many of the cellular effects 
induced by FTase inhibitors may be considered "cytostatic," 
as suggested by the return of H-ras-transformed fibroblasts 
growing in Petri dishes to the flattened appearance of a 
transformed phenotype once the FTase inhibitor is removed 
from the culture medium. 130 ' 131 In addition, FTase inhibitors 
downregulatc signaling pathways activated by Ras in cells 
growing in tissue culture. For example, treatment of H-ras- 
transforrned fibroblasts with FTase inhibitors inactivates the 
Raf/MEKK/MAP kinase cascade by preventing Raf from 
binding to membrane-bound Ras-GTP. 135136 After treat- 
ment, Raf is involved in an inactive complex associated with 
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nonprenylated, soluble Ras. 136 Some FTase inhibitors have 
been shown to inhibit MAPK activation in cells transformed 
by H-?m, but not in cells transformed by the geranylgeranyl- 
ated form of K-raj. 109 * 03 ' 135 m The specificity of these 
agents is further illustrated by studies showing that cells 
transformed by activated raf are resistant to the actions of 
FTase inhibitors at doses that clearly inhibit cells trans- 
formed by H-ras. 105 - 11 * 131 

In human tumor cell lines, FTase inhibitors block anchor- 
age-independent cell growth. In a study involving 42 human 
tumor cell lines, L-744,832 inhibited anchorage-indepen- 
dent growth in more than 70% of the cell lines (IC50, < 
20umol/L). 107 Many of these cell lines had multiple genetic 
alterations, including mutant K-rov, mutant p53, anddysregu- 
lated myc, as well as overexpression of growth factor 
receptors. Of interest, 11 of 17 cell lines with wild-type Ras 
were also sensitive to L-744,832. 

Similarly, Rl 15777 completely inhibited the growth of 
80% of a series of human tumor cell lines at concentrations 
of less than 120 nmol/L. 123 Although several of the cell lines 
harboring K-ras mutations were drug sensitive, much higher 
drug concentrations were generally required, and the cell 
lines were more likely to be resistant to the inhibitor. In 
addition, FTI-276 inhibits growth of human tumor cells 
bearing many relevant types of mutations, including onco- 
genic K-ras and ap53 deletion, but it was not active against 
a lung cancer xenograft that lacked these mutations. 137 In 
another study, in which 19 human tumor cell lines were 
evaluated for FTase-mediated inhibition of anchorage- 
independent growth after treatment with B956 and its 
methyl ester B1086. the drug sensitivity in the 14 cell lines 
with Ras mutations was greatest in cells with mutant H~Ras, 
followed by cell lines expressing mutant N -Ras. 110 Tumor 
cell lines expressing mutant K-Ras and those without Ras 
mutations were more resistant. Drug sensitivity in the cell 
lines with mutant K-ras spanned two orders of magnitude. 

Taken together, these findings indicate that FTase inhibi- 
tors may be effective against a broader range of cancer cells 
than originally anticipated, including tumors that are not 
solely dependent on ras mutations; however, their optimal 
activity is likely to be against tumors expressing H-ras. This 
finding may reflect the ability of K-Ras and N~Ras to 
alternatively be prenylated by GGTase-I when farnesylation 
is blocked. 133 ' 138 ' 139 Alternatively, the incomplete correlation 
between Ras mutational status and sensitivity to FTase 
inhibitors suggests that not all cells with ras mutations 
depend on Ras for transformed growth. Indeed, these cells 
may have other mutations that make mutant Ras redundant. 
Another possible explanation that may have far-reaching 
ramifications is that farnesylation of other proteins, in 



addition to Ras, is important for cancer cell growth. Support- 
ing this hypothesis is evidence that many other critical 
proteins are targets for FTase inhibitors in transformed cells 
and may play a role in conferring tumor cell sensitivity to 
FTase inhibitors. 99140 One putative target is the protein 
RhoB, which is both farnesylated and geranylgeranylated in 
vivo; however, RhoB appears to be farnesylated primarily 
by GGTase-I in vitro. 97 

Investigations of alternative or complementary mecha- 
nisms by which FTase inhibitors cause tumor regression are 
warranted. Because these agents do not exhibit significant 
toxicity in vitro and in vivo, they obviously differ from 
available chemotherapeutic agents. In ras-transformed cells 
that are not allowed to attach to a substratum, L-739,749 has 
been demonstrated to induce massive DNA degeneration 
and cell death that is independent of p53 but inhibited by the 
apoptosis suppressor Bcl-xl. 141 Another FTase inhibitor, FPT 
inhibitor III, has been demonstrated to augment die expres- 
sion of the apoptosis-promoting proteins Bax and Bcl-xs and 
to induce apoptosis in human ovarian cancer cells. 142 
Additionally, substantial growth suppression of a C32 
human melanoma xenograft harboring wild-type Ras was 
shown to emanate predominately from an apoptotic re- 
sponse, 143 The proapoptotic effects of the FTI L-744,832 
have also been demonstrated to be masked by activation of 
P13K, which is modulated by cytokines and integrins. 144 
Furthermore, the results suggested that efforts to inhibit the 
P13K pathway may unmask the proapoptotic effects of FTIs 
in malignantly transformed but not normal cells. 144 These 
collective findings suggest that under certain conditions, 
FTase inhibitors may inhibit tumor growth by promoting 
apoptosis, which may have important implications for the 
clinical development of FTase inhibitors. With regard to the 
promotion of apoptosis by FTase inhibitors, it also must be 
determined whether the principal cellular target is Ras itself 
or another signaling protein that undergoes farnesylation. 
Again, a possible target is Rho B, which is intimately 
involved in adhesion and undergoes farnesylation. It has 
been suggested that FTase inhibitors block Rho B signaling, 
which causes transformed cells to revert to a state in which 
cell attachment is necessary for continued viability. 141 

There is even evidence that if they carry oncogenic ras 
mutations, malignant cells with multiple genetic abnormali- 
ties (a scenario that more closely resembles the typical 
clinical one) may be sensitive to FTase inhibitors. However, 
because FTase inhibitors may also block normal Ras func- 
tion, they may be active against tumor cells transformed by 
mutations upstream of Ras. Although redundancies in cell 
signal transduction pathways that bypass Ras to activate the 
MAP kinase pathway represent potential mechanisms of 
cellular resistance to FTase inhibitors, these agents have 
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additional actions downstream of Ras that enable them to 
exert activity despite parallel upstream signaling. For ex- 
ample, unfarnesylated oncogenic H-Ras acts as a dominant 
negative inhibitor of Ras activity. 140 In the unfarnesylated 
state, it forms a stable complex with Raf, preventing its 
translocation from the cytoplasm to the plasma membrane. 
However, a nononcogenic Ras, modified so that it cannot be 
farnesylated, does not interact with Raf, which implies that 
cells with oncogenic Ras may be more sensitive to FTase 
inhibitors than are normal cells. 146 Nevertheless, even 
incomplete inhibition of FTase might provide a pool of 
oncogenic Ras to inhibit Raf activity in tumor cells with ras 
mutations, whereas Raf activity in normal cells with wild- 
type ras would not be affected. Because K-ras mutations are 
much more common in human malignancies than are H-ras 
rmitations, these implications would be more profound if 
unfarnesylated oncogenic K-Ras behaves in a similar man- 
ner. 

The frequency with which resistance develops, as well as 
its mechanism, will need to be explored if FTase inhibitors 
prove to be clinically effective anticancer drugs. In an in 
vitro study, ras- transformed 749 r -l cells, which are derived 
from Rati cells, were unaffected by treatment with the 
peptidomimetic FTase inhibitor L-739,749 at concentrations 
up to 30-fold higher than those sufficient to revert ras- 
transformed cells. 147 Resistance correlated with a reduced 
ability of L-739,749 to inhibit farnesylation of Ras and 
lamin B and to regulate growth and cytoskeletal activation. 
In addition, endogenous FTase was less susceptible to drug 
inhibition. Further studies indicated that the resistance was 
not related to mutations of the FTase subunits, changes in 
intracellular drug accumulation, nor amplification of the 
multi drug-resistance gene. Given these results and related 
findings in transgenic mouse models, it may be important to 
formulate dosing strategies to ensure that tumor cells are not 
exposed to FTase inhibitors under conditions in which 
resistant cells can be selected. 

Antitumor Activity of FTase Inhibitors in Xenograft Models 

One of the first demonstrations of the in vivo antitumor 
activity of FTase inhibitors was against transformed rodent 
NIH 3T3 cells transplanted into nude mice. Rl 15777, 
administered orally twice daily for 15 days at doses of 6.25, 
12.5, and 25 mg/kg, inhibited the growth of H-ras- 
transformed cells by 56%, 84%, and 86%, respectively.. 147 In 
nude mice with LoVo human colon tumors, Rl 15777 given 
for 32 days at doses of 25, 50, and 100 mg/kg inhibited 
tumor growth, by 11%, 68%, and 81%, respectively. In 
neither of these studies was any overt toxicity observed. 148 
Other FTase inhibitors have also been effective at inhibiting 
tumor growth in nude mice. Daily subcutaneous administra- 



tion of L-739,749 suppressed the growth of ll-ras-, K4B- 
ras-, or N-rrAV-transformed fibroblasts in a murine xenograft 
model in a dose-dependent manner, the extent of which 
suppression correlated with the inhibition of H-Ras process- 
ing in the tumor. 105 In contrast, the growth of raf- or 
mos transformed minors was not suppressed. The agent was 
also active against a PSN-1 pancreatic cancer cell line 
carrying mutations in K-ras, p53, and wye. 105 In addition, 
daily intraperitoneal administration of die CAAX peptidomi- 
metic FTI-276 inhibited the growth of H-ra^-translbrmed 
NIH 3T3 cells in nude mice, which correlated with the 
ability of the agent to inhibit Ras processing in the cells. 137 

Many types of FTase inhibitors inhibit growth of human 
tumor xenografts in nude mice. For example, the tricyclic 
FTase inhibitor SCH66336, which inhibits the growth of 
tumor cells with and without activated ras oncogenes in 
vitro, demonstrated impressive activity against a wide array 
of human tumor xenografts, including tumors of colon, lung, 
pancreas, prostate, and urinary bladder origin. 111 Rl 15777 
was also effective against human tumor xenografts express- 
ing K-ras mutations, including LoVo human colon and 
CAPAN-2 pancreatic xenografts. 149 In the LoVo tumors, 
Rl 15777 predominantly inhibited malignant angiogenesis, 
whereas the principal effect in the CAPAN-2 tumors was 
growth arrest. These results indicate that FTase inhibitors 
inhibit tumor growth by several mechanisms. 

Toxicity in Preclinical Studies 

An unexpected but desirable aspect of FTase inhibitors is 
their apparent lack of growth inhibitory 7 activity against 
nonmalignant cells in vitro and their tolerability in animal 
and human smdies . 105 - 116 129 I30 ' 136 - 149 For example, histo- 
logic examination of the tissues of animals treated with 
L-744,832 or L-739,749 for protracted periods has revealed 
no abnormalities in rapidly dividing tissues (eg, bone 
marrow and gastrointestinal tissue) or in tissues in which 
farnesylated, proteins play critical physiologic roles (eg, eyes 
and skeletal muscle). 105 ' 150 Although one possible explana- 
tion for the absence of toxicity in normal tissues at FTase- 
inhibitor doses that inhibit tumor growth is cross-prenyla- 
tion of unmutated N- and K-Ras by GGTase in normal cells, 
this raises the question of why cells with mutated N-Ras and 
K-Ras are sensitive to FTase inhibitors. A second possible 
explanation, somewhat related to the first, is that other 
geranylgeranylated proteins related to Ras can functionally 
overlap with Ras proteins, thereby compensating for the loss 
of Ras function. 77 A third possibility is that endogenous Ras 
proteins are more likely to be K-Ras4B or N-Ras, whose 
prenyl ation and function are not as effectively blocked by 
FTase inhibitors as are those of H-Ras. 133 It is also possible 
that a greater redundancy of pathways in normal cells may 
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allow them to downregulate Ras function. Finally, less 
toxicity to normal tissues may result if FTase inhibitors can 
reduce the function of oncogenic Ras to below the critical 
threshold required for transformation yet not so low that 
essential Ras functions are disrupted. 77 The implication of 
these observations is that FTase inhibitors may produce 
relatively high therapeutic indices in patients with malignant 
diseases. The preliminary results of phase I studies of both 
peptidomimetic (L-778.123) and nonpeptidomimetic 
(Rl 15777, SCH66336) FTase inhibitors support these pre 
clinical findings. 151 " 157 

FTase Inhibitors Against Tumors Arising 
in Transgenic Mice 

One of the advantages of using cell culture models is the 
ease of genetic manipulation, because various mutants of a 
gene of choice can be readily introduced by transfection, and 
the effect on a given cellular property can be assessed. 
However, tumors arising in transgenic mice more closely 
resemble human tumors with regard to cellular environment 
and natural history of tumor development than do xenograft 
models. One such transgenic model that may be ideal for the 
evaluation of FTase inhibitors is the mouse mammary tumor 
vims (MMTV)-H-ros transgenic mouse.. These mice ex- 
press the activated H-ras oncogene under control of the 
MMTV promoter, which directs expression to the mammary 
and salivary glands. As a result, the mice develop both 
mammary and salivary adenocarcinomas at an average age 
of approximately 8 months. 158 159 

MMTV—H-ras transgenic mice with palpable mammary 
and salivary adenocarcinomas were treated with subcutane- 
ous L-744,832 at daily doses of 10 to 40 mg/kg. 149 At the 
highest dose, these established tumors regressed in all mice 
and were no longer measurable after 2 weeks of treatment. 
At the dose of 20 mg/kg, all animals exhibited at least a 
partial reduction in tumor size, but at the dose of 10 mg/kg, 
several animals did not respond. In these later animals, 
subsequent treatment with doses of 40 mg/kg proved 
ineffective, which raises the possibility that exposure to 
suboptimal doses of FTase inhibitor will select for resistant 
tumor cells. Further, tumors regrew in most animals after 
treatment was discontinued. Nevertheless, L-744,832 was 
more effective than doxorubicin administered at its maxi- 
mally tolerated dosage. Similarly, prophylactic oral treat- 
ment of H~ras transgenic mice with SCH66336 delayed 
tumor onset, reduced the number of tumors per mouse, 
reduced the average tumor weight per animal, and produced 
significant regression of established tumors in a dose- 
dependent fashion when administered in a therapeutic 
mode. 111 



The MMTV-/W transgenic model has been used to 
investigate the mechanism of response to FTase inhibitors 
and to determine whether it is dependent on the p53 tumor 
suppressor gene that plays a critical role in the Gj cell cycle 
checkpoint, inducing either growth arrest or apoptosis in 
response to DNA damage and other cellular perturbations. 160 
Interbreeding MMTV-ros transgenic mice with p53 "knock- 
out" mice produces animals that develop 7725-expressing 
tumors that either possess or lack p53 function, 161 ' 162 The 
loss of p53A results in greatly accelerated tumorigenesis, 
and tumors arising in p53-deficient mice have higher 
histologic grades, increased growth rates, and greater ge- 
nomic instability than do tumors arising in p.53 wild-type 
mice. 159 Of interest, the level of spontaneous apoptosis in 
MMT\~ras/p53 i/A tumors was found to be very low, 
probably because of the apoptosis-inhibitory properties of 
activated ras. In contrast to doxorubicin or paclitaxel 
treatment, treatment of transgenic mice with L-744,832 
resulted in marked tumor regression that was associated with 
marked apoptosis and reduced numbers of S-phase cells in 
MMTV- ras/p5 3^^' tumors. Thus, tumors expressing acti- 
vated ras were resistant to apoptosis, even in response to 
agents that readily induce apoptosis in other settings. 
However, the administration of L-744,832 renders the 
tumors sensitive to apoptosis, resulting in a dramatic tumor 
response. Tumors from MMTV-ras/p53~ J "mice responded 
similarly to the FTase inhibitor as did p53 wild-type tumors, 
indicating that apoptosis due to Ras inhibition is largely p53 
independent. In mice with neu and c-myc transgenes, 
L-744,832 produced modest tumor regression by reducing 
the fraction of S-phase cells, but the agent did not induce 
apoptosis. Thus, depending on the genetic alterations pre- 
sent, FTase inhibitors may promote tumor regression by 
multiple mechanisms, including apoptosis and cell cycle 
regulation. Finally, tumors arising in other transgenic mod- 
els in which ras is not activated (eg, MMTV-c-mvc, or 
MMT V-neit) are relatively unresponsive to inhibitors of 
FTase, again suggesting that this class of agents may be most 
active in tumors bearing R-ras mutations. 

EVALUATING FTase INHIBITORS IN THE CLINIC 

Phase I and Feasibility Studies 

Several FTase inhibitors are currently being evaluated in 
phase I clinical investigations. In contrast to the develop- 
ment of cytotoxic agents, in which toxicities in rapidly 
growing tissues correlate, albeit loosely, with antitumor 
activity and can be used as general measures of drug effect, 
selecting an optimal dose of FTase inhibitors in phase I 
studies for subsequent disease-directed studies is a great 
challenge. Toxic effects may not be evident at doses that 
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inhibit Ras farnesylation, or may not be quantifiable or even 
related to FTase inhibition. Pharmacologic studies may be 
used to gauge whether plasma concentrations associated 
with maxima] inhibition of Ras farnesylation and antitumor 
activity in preclinical studies are being achieved in patients . 
However, interspecies differences in tissue distribution of 
drug, protein binding, pharmacokinetics, and metabolic 
processes may preclude extrapolating from animals to 
humans, thereby limiting the usefulness of pharmacologic 
studies in this regard. The development and validation of 
assays of protein prenylation in accessible tissues that reflect 
farnesylation of Ras in tumors will undoubtedly facilitate 
efforts to determine the optimal doses of FTase inhibitors in 
phase I evaluations. Protein prenylation can be assessed 
using a diverse series of assays. For example, prenylation of 
a specific protein (eg, nuclear lamins) or global protein 
prenylation can be measured by labeling cellular proteins 
with [ 3 H] mevalonic acid, the precursor of the isoprenoids. or 
metabolically labeling in vitro with [ 3 H]mevalonic acid, 
[ 3 H]FDP, or [ - H]gerany3geranyl diphosphate. 163 Alterna- 
tively, inhibition of prenylation of marker proteins can be 
quantified using gel mobility shift assays. These assays may 
be helpful in selecting doses of FTase inhibitors that achieve 
maximal inhibition of prenylation of marker proteins vali- 
dated to correlate with a desirable target effect. 

An important clinical issue is how best to administer 
FTase inhibitors. There is experimental evidence indicating 
that continuous drug exposure, perhaps optimally achieved 
with continuous treatment, is required to achieve maximal 
efficacy. However, protracted dosing raises concerns about 
both acquired drug resistance and toxicity. Acquired drug 
resistance has been noted with the Ffase inhibitors in both 
tumor cells growing in cell culture and animals. 9, 11 0,1 47,150 In 
addition, the most likely long-term toxic effects of pro- 
tracted continuous treatment may not be fully appreciated on 
the basis of the standard procedures used in preclinical 
toxicology studies of new anticancer agents in animals. In 
both preclinical and early clinical investigations, it will be 
important rigorously to monitor organs, such as the eyes and 
skeletal muscle, that require essential farnesylated proteins, 
Because many other farnesylated proteins have yet to be 
identified, it will also be prudent to monitor patients 
carefully for unexpected toxicity, particularly long-term 
effects. 

The preliminary results of a phase I study of the first 
FTase inhibitor to enter clinical evaluations, Rl 15777, 
which was administered orally on a twice-daily schedule for 
5 consecutive days every 2 weeks in patients with solid 
malignancies, have indicated rapid gastrointestinal absorp- 
tion, a plasma half- life of approximately 5 hours, and 



achievement of biologically relevant steady -state plasma 
concentrations within 2 to 3 days of initiating twice-daily 
dosing. 151 At doses of less than 1,300 mg twice daily, 
Rl 15777 was well tolerated, although an unacceptably high 
rate of dose-limiting toxicity, consisting of neuropathy (one 
patient), fatigue, and gastrointestinal complaints, was ob- 
served at the dose level of 1,300 mg twice daily. 151 Other 
adverse events included nausea, vomiting, diarrhea, fatigue, 
headache, and reversible renal toxicity. 151 The recom- 
mended dose for phase II evaluations was 500 mg twice 
daily, which results in biologically relevant plasma concen- 
trations. 351 A study of the feasibility of administering 
Rl 15777 on a twice-daily, 21-day continuous-dosing sched- 
ule is in progress. 152 To date, neutropenia and thrombocyto- 
penia are projected to preclude treatment with doses exceed- 
ing 240 mg twice daily, and plasma steady-state 
concentrations at this dose inhibit tumor growth in vitro, 
Investigators have also begun to determine the safety, 
tolerability, and pharmacokinetic behavior of the peptidomi- 
metic L-774, 1 23, administered in a continuous 7-day intrave- 
nous infusion before commencement of a protracted admin- 
istration schedule. 153 - 154 This peptidomimetic FTase inhibitor 
has a benzylimidazole core and low nanomolar activity 
against FTase and inhibits prenylation of Ras proteins and 
anchorage-independent growth of /^-transformed cells in 
vitro at low micromolar concentrations. In the phase I study, 
the feasibility of achieving steady-state plasma concentra- 
tions associated with die maximal FTase inhibition in 
preclinical studies is being assessed, and the inhibition of 
farnesylation of a marker chaperone protein in peripheral - 
blood mononuclear cells is being studied. Similarly, the 
tolerability and pharmacokinetic profiles of BMS2 14662 
and SCH66336 are also being evaluated in phase I stud- 
ies. 131 '* 55-157 In phase I studies of SCH66336 administered 
on a twice-daily oral continuous-dosing schedule, vomiting, 
diarrhea, myelosuppression, and fatigue were the principal 
toxicities, and the recommended phase II dose is 240 mg 
twice daily. 155 157 In several of these trials, the inhibition of 
farnesylation of the marker protein prelamin A, which is 
converted to lamin A, is being assessed in both buccal 
mucosal cells and peripheral -blood mononuclear cells. 155 156 
A partial response in a pretreated patient with non-small-cell 
lung cancer was a reported preliminary result. 155 

Use With Other Agents and Therapeutic Modalities 

Because multiple pathways are important for the prolifera- 
tion, invasion, and metastases of malignant cells, and 
because combination therapies are often far more effective 
than are single-agent regimens, the FTase inhibitors may 
complement other anticancer agents that may or may not 
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affect Ras-mediated pathways. Additionally, although FTase 
inhibitors demonstrated the capacity to rapidly reduce and 
nearly ablate large tumors in preclinical studies (rather than 
simply prevent tumor growth), residual tumors proliferated 
after withdrawal of the agents. Therefore, combinations of 
FTase inhibitors and classic cytotoxic chemotherapeutic 
agents may result in greater cytoreduction and may reduce 
the need for protracted therapy* The overlapping antitumor 
spectra and non overlapping toxicity profiles of FTase inhibi- 
tors and cytotoxic agents provide a rationale for assessing 
the efficacy and feasibility of combination regimens., Al- 
though the choice of chemotherapeutic agents to be evalu- 
ated in combination with inhibitors of FTase will ultimately 
be dependent on the logistics and appropriateness of the 
agents for the particular clinical setting, the selection may 
also be based on a unique mechanistic rationale. For 
example, the FTase inhibitor L -744,832 and antimicrotubule 
agents that prevent tubulin depolymerization, such as the 
taxanes and epothilones, have been shown to inhibit the 
growth of several breast cancer cell lines in vitro in a 
synergistic manner, whereas interactions between the FTase 
inhibitor and antimicrotubule agents that induce tubulin 
depolymerization are much less pronounced, albeit still 
additive. lu ' 164 Further, the results of mechanistic studies 
have indicated that L-744,832 enhances the mitotic block 
induced by antimicrotubule agents that prevent tubulin 
polymerization. The combination of paclitaxel or cisplatin 
with minimally effective concentrations of Rl 15777 was 
demonstrated to produce additive antiproliferative activity 
against human MCF-7 breast, CAPAN-2 pancreatic, and 
C32 melanoma cells growing in tissue culture and as 
well-established tumor xenografts. 165 The interaction be- 
tween R 115777 and paclitaxel was additive irrespective of 
the order of drug administration, and the duration of the 
response to Rl 15777 was not enhanced by paclitaxel In 
another study, the combination of the FTase inhibitor 
SCH66336 and paclitaxel demonstrated either synergistic or 
additive activity against a broad panel of human tumor cell 
lines, except for one breast cancer cell line against which the 
combination demonstrated antagonism. 166 The results were 
independent of p53 mutational status, ras mutational status, 
or tissue of origin. Additive interactions have also been 
noted between FTase inhibitors and cisplatin, cyclophospha- 
mide, doxorubicin, and fluorouracil. 13 1 • 1 64 

FTase inhibitors may also augment the responsiveness of 
tumors to other therapeutic modalities, such as the inhibition 
of malignant angiogenesis or ionizing irradiation. Onco- 
genic Ras is known to drive pathways involved in angiogen- 
esis, and FTase inhibitors are capable of inhibiting angiogen- 
esis. 148 - 153 ' 167 In one study, L-739J49 was shown to block 



the expression of vascular endotbelium-derived growth 
factor in H- ras-transformed cells, 168 and it is conceivable 
that FTase inhibitors will be used with therapeutics that 
principally target malignant angiogenesis. H-ras and other 
oncogenes have also been demonstrated to confer resistance 
to the cytotoxic effects of ionizing radiation, and the 
inhibitors of FTase have demonstrated radiation -sensitizing 
properties in tumors growing in tissue culture and ani- 
mals. 146 - 147 The augmentation of radiation may be attributed 
to the enhancement of irradiation- induced apoptosis of 
transformed cells by FTase inhibitors. 169 Furthermore, the 
radiosensitivity of normal cells is not enhanced, indicating a 
selective radiosensitizing effect, which provides a rationale 
for clinical evaluations of FTase inhibitors and ionizing 
radiation. 169170 

Disease-Directed Clinical Evaluations 

The design of disease-directed (phase II and III) clinical 
evaluations to determine whether FTase inhibitors may play 
a role in the treatment of specific malignancies presents 
several formidable challenges. FTase inhibitors have in- 
duced regressions of established tumors in animal models, 
but in contrast to the appreciable cytoreductive response that 
is the traditional end point in phase II "screening" evalua- 
tions of conventional chemotherapy agents, tumor growth 
inhibition or "cytostasis" may be the principal therapeutic 
effect of FTase inhibitors. Therefore, a developmental plan 
that provides for a clinical situation that is sufficiently 
sensitive for detection and measurement of tumor growth 
inhibition will need to be implemented in disease-directed 
evaluations. Although experimental evidence exists indicat- 
ing that FTase inhibitors may inhibit the growth of tumors 
with or without ras mutations, phase ILI and earlier, explor- 
atory (phase II) evaluations may have the greatest likelihood 
of detecting meaningful clinical activity if the studies are 
performed in tumor types that are highly likely to have ras 
mutations. Further, such detection is more likely if only 
patients who have malignancies with well -documented ras 
mutations are enrolled. After rigorous "proof of principle" 
trials, the scope of disease-directed evaluations can be 
broadened, and patient eligibility requirements can be less 
restrictive. For example, in advanced pancreatic cancer, a 
phase ILL study can be designed so that patients are 
randomized to treatment with either gemcitabine (conven- 
tional arm) or gemcitabine plus an FTase inhibitor (experi- 
mental arm). Alternatively, similar patients — or those who 
are at high risk for recurrence (ie, postpancreatectomy 
patients with metastases to lymph nodes and disease at the 
margins of resection) — may be randomized to treatment 
with either conventional therapy alone or an FTase inhibitor. 
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The principal end points for such trials would be median 
survival, percentages of patients who are alive at relevant 
intervals (eg, I -year survival rate for patients with advanced 
pancreatic cancer), time to progression, clinical benefit (eg, 
performance status, weight loss, and pain control), and 
improvement in quality of life. 

Realistically, some type of "lead" or indication that the 
FTase inhibitors possess relevant clinical activity and may 
be capable of modifying the natural history of disease 
progression will ultimately need to be observed before 
resource-intensive phase III studies are begun. One possible 
way to obtain such early leads before launching large 
randomized studies is to measure the relative time to tumor 
progression in patients receiving single-agent treatment with 
the FTase inhibitor (period B) against that produced by 
treatment with a relevant standard therapy or supportive 
care, measured just before administration of the experimen 
tal agent (period A). On the basis of experience with agents 
that were later shown to have relevant clinical activity in 
randomized trials (ie. 30% of patients had a longer time to 
progression when treated with the new agent in earlier, 
single-arm studies than when treated with the agent that they 
received before receiving the new agent), a 30% prolonga- 
tion in the time to progression may be a reasonable threshold 
to use before proceeding to phase III studies. Alternatively, 
"exploratory" single-arm or randomized phase II studies 
that are designed with sufficient power to detect and quantify 
the relevant indices of tumor growth inhibition may provide 
meaningful leads about activity before randomized evalua- 
tions. 171 For example, in advanced pancreatic cancer, the 
percentage of patients surviving for at least 1 year in 
exploratory- nonrandomized studies may be considered a 
reasonable end point to use in gauging whether to proceed 
with randomized phase III evaluations. 171 ' 172 Given the 
results of phase II and III studies of gemcitabine in patients 
with advanced pancreatic cancer, an FTase inhibitor demon- 
strating a 1-year survival rate with a lower limit of a 95% 
confidence interval of at least 20% might be viewed as a 
candidate for phase III development. 

On a similar note, the proportion of patients who have 
progressive disease as their best response appears to relate 
inversely to the ultimate utility of any particular agent in a 
specific clinical setting, and a maximum acceptable thresh- 
old of patients with progressive disease as their best 
response may be used to forecast the potential usefulness of 
the agent. A retrospective analysis of National Cancer 
Institute of Canada Clinical Trial Group phase II studies of 
new agents indicated that the rates of disease progression of 
agents thought to be most promising in breast and lung 
carcinomas and glioma appear to be less than 20%, 30%, and 



40%, respectively. 173 The use of such thresholds, particu- 
larly those that have been validated, may be useful in 
screening FTase inhibitors before undertaking large random- 
ized trials. 

SUMMARY 

The results of preclinical studies of FTase inhibitors 
suggest that therapeutics specifically designed on the basis 
of an understanding of the primary molecular defects 
governing malignant cell proliferation will be more effica- 
cious and less toxic than will traditional, nonspecific exotox- 
ins. However, in spite of the encouraging experimental 
results to date, it remains to be determined whether FTase 
inhibitors can inhibit tumor growth in patients with ad- 
vanced disease, and many obstacles will have to be over- 
come before we can fully evaluate these agents in the clinic. 
In addition to the usual need to optimize the pharmacologic 
characteristics of any new class of agents, there are several 
preclinical and clinical developmental concerns that are 
uniquely applicable to the FTase inhibitors. 

Perhaps one of the most important concerns is that the 
animal tumor models used to evaluate FTase inhibitors do 
not fully recapitulate the complexity of genetic alterations 
in human tumors. The fact that mutated ras alone is but 
one genetic lesion essential for the complete conversion 
of a normal cell to the fully malignant phenotype raises 
the question of whether approaches to correct the ras de- 
fect alone will have any significant antitumor activity. 
However, limited experimental evidence suggests that 
correction of just a single defect, such as the ras mutation, 
can significantly impair the aberrant growth of tumor 
cells. 174 - 1 75 

The selectivity and therapeutic indices of FTase inhibitors 
are important related issues. Selectivity is a multifaceted 
phenomenon that relates not only to the prenylation of the 
various Ras proteins but also to the selectivity of protein 
substrates for FTase versus GGTase and the prenylation of 
many other proteins that are important from both physi- 
ologic and pathophysiologic standpoints. Further understand- 
ing of the relative roles of FTase and GGTase in cross- 
prenylating Ras, particularly K-Ras, and of the relative 
contribution of FTase-induced inhibition of the prenylation 
of Ras and other proteins will ultimately determine the 
requirements for the selectivity of inhibitors of FTase. 
Nevertheless, the accumulated biologic data obtained thus 
far indicate that these agents possess remarkable potential as 
components of our therapeutic armamentarium against ma- 
lignant diseases and, possibly, nonmalignant disorders invol v- 
ing aberrant cellular proliferation. 
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